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ABSTRACT : We investigate the atomic and electronic structures of cyclooctatetraene (COT) 
molecules on graphene and analyze their dependence on external gate voltage using first-principles 
calculations. The external gate voltage is simulated by adding or removing electrons using density 
functional theory (DFT) calculations. This allows us to investigate how changes in carrier density 
modify the molecular shape, orientation, adsorption site, diffusion barrier, and diffusion path. For 
increased hole doping COT molecules gradually change their shape to a more flattened 
conformation and the distance between the molecules and graphene increases while the diffusion 
barrier drastically decreases. For increased electron doping an abrupt transition to a planar 
conformation at a carrier density of –8×1013 e/cm2 is observed. These calculations imply that the 
shape and mobility of adsorbed COT molecules can be controlled by externally gating graphene 
devices. 
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COT molecules are the first known 4n p-electron hydrocarbon system 1,2. Unlike benzene, COT 
adopts a nonplanar tub-shaped conformation of D2d symmetry with alternating single and double 
bonds 3-5 so that the interaction between the double bonds is minimized 5,6. It has been observed 
that the molecule undergoes thermal bond shift and ring inversion processes 6-8. The ring inversion 
involves a planar transition state of D4h symmetry having alternate single and double bonds while 
the bond shift proceeds via a planar transition state of D8h symmetry in which all C-C bonds have 
equal length 9,10. In contrast, COT's dianion, cyclooctatetraenide (COT2-), adopts a planar 
conformation of D8h symmetry according to NMR experiments. This pronounced coupling 
between the COT charge state and its mechanical conformation creates new opportunities for 
exploiting COT as a single-molecule electromechanical transducer element. The COT charge state, 
for example, might be switched by attaching it to a gate-tunable graphene field-effect transistor 
(FET), thus triggering a mechanical response. Graphene FETs are ideal for this application since 
they allow both electron and hole carrier densities up to |𝜌| ~ 1013 e/cm2 when gate voltages are 
applied to graphene on an insulating layer (e.g., SiO2 or BN) 11,12. Even higher carrier densities up 
to |𝜌| ~ 1014 e/cm2 are possible with electrochemical gating 13-16. This allows the charge of 
molecules adsorbed onto graphene to be precisely controlled by adjusting applied external gate 
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voltages, as has been seen previously for different molecular systems that have no nanomechanical 
functionality 17-22. 
In order to explore the potential nanomechanical functionality of COT, we have theoretically 
investigated the gate voltage dependence of the atomic and electronic structures of COT molecules 
adsorbed onto graphene through the use of ab initio density functional theory (DFT). External 
gating of COT is simulated by changing the graphene carrier density in our DFT calculations. As 
shown below, COT molecules gradually flatten as the system is positively charged, while they 
abruptly change shape to a planar conformation at a carrier density 𝜌 = –8×1013 e/cm2 when 
negatively charged, where –e is the electron charge. We show that the diffusivity of a COT 
molecule, as well as its conformation, can be controlled by the application of achievable gate 
voltages. 
This paper is organized as follows: we first review our calculational methods and then report 
on the atomic and electronic structures of freestanding COT molecules. We next discuss the 
properties of COT molecules adsorbed onto graphene, and the carrier density dependence of COT 
properties is analyzed. 
Our calculations were performed within the framework of pseudopotential DFT (density 
functional theory). We used the generalized gradient approximation 23, norm-conserving 
pseudopotentials 24, and localized pseudoatomic orbitals for wavefunctions as implemented in the 
SIESTA code 25. The real-space mesh cut-off of 1000 Ry is used for all of our calculations. Dipole 
corrections are included to reduce the interactions between the supercells generated by the periodic 
boundary condition 26. The atomic positions are fully optimized until residual forces are less than 
10-3 eV/Å. During the atomic structure optimization, a DFT-D2 correction is applied to account 
for the van der Waals interaction 27. 
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First, we investigate the atomic and electronic structures of a freestanding COT molecule using 
a DFT calculation for a cubic cell of length 20 Å with only the G point of the Brillouin zone 
sampled for the molecule. The neutral COT molecule and its ionized states are studied. For each 
ionized states, three conformations, a nonplanar tub-shaped conformation of D2d symmetry with 
alternating single and double bonds [Fig. 1(A)], a planar conformation of D4h symmetry with 
alternating single and double bonds [Fig. 1(B)], and a planar cyclic conjugated conformation of 
D8h symmetry in which all of C-C bonds are equal in length [Fig. 1(C)], are investigated. We 
optimize the atomic positions of the three conformations having D2d, D4h, and D8h symmetries by 
minimizing the total energy with the symmetry constraints. The obtained structural parameters of 
the neutral molecule, dication (COT2+), monovalent cation (COT+), monovalent anion (COT-), and 
dianion (COT2-) are presented in Tab. 1. As presented in Tab. 1, COT molecules adopt different 
symmetry conformations depending on their ionized states. The neutral molecule, the monovalent 
cation and the dication adopt nonplanar tub-shaped conformations of D2d symmetry, while 
monovalent anion and the dianion adopt planar conformations of D4h and D8h symmetry, 
respectively. 
The neutral molecule energetically favors a tub-shaped conformation of D2d symmetry with the 
bent angle of the COT ring a=41.8°, in agreement with the previous studies. The energy difference 
between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) states Eg is 2.69 eV. The energies of the transition states with D4h and D8h conformations 
are 441.6 and 870.1 meV higher than the ground state with D2d conformation, respectively. The 
monovalent cation adopts a tub-shaped conformation with a=30.0° and Eg=1.19 eV. The transition 
states of monovalent cation of D4h and D8h conformations respectively have 91.3 and 212.9 meV 
higher energy than the ground state of D2d conformation. For dication, the ground state of D2d 
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conformation with a=10.9° has 1.2 meV lower energy than the transition state of the planar 
conformation, which means that the ring inversion and the bond shift are prevalent at room 
temperature. In the case of the monovalent anion, the D4h conformation is the ground state having 
102.3 meV higher energy than the D8h conformation due to Jahn Teller distortion. The dianion has 
the ground state of D8h conformation, which has a pair of filled degenerate non-bonding orbitals, 
because of the unusual stability of cyclic delocalization of the 4n+2 p-electron system 28, which is 
known as aromaticity. 
We investigate the charge dependence of the properties further by varying the charge of the 
molecule qCOT as shown in Fig. 2. Although a fractional qCOT for a freestanding molecule is not a 
realistic situation, it helps to analyze the charge dependence of the properties and would be realistic 
when the COT molecule is adsorbed onto graphene with an external gate voltage. As positively 
charged, a COT molecule is gradually flattened toward the D8h conformation [Fig. 2(A)], and the 
energy barriers for the ring inversion ERI=ED2d-ED4h and the bond shift EBS=ED4h-ED8h decrease 
[Fig. 2(B)], where ED2d , ED4h , and ED8h are the total energies of D2d, D4h, and D8h conformations, 
respectively. For a negatively charged case, a decreases rapidly as the molecule is charged, and 
the molecule is completely flattened with a D4h conformation at qCOT = –0.7 e, and becomes a D8h 
conformation at qCOT = –2.0 e. Figure 2(C) shows the charge dependence of Eg. As the molecule 
is positively charged,  Eg gradually decreases as the conformation goes toward D8h conformation, 
whereas it decreases rapidly as going toward D4h conformation and gradually as going toward D8h 
conformation with negative charge. Figure 2(D) shows the relationship between Eg and a. As a 
decreases, Eg decreases considerably, consistent with previous study 9. When the molecule is 
completely planarized, Eg remains finite for the neutral molecule and the monovalent ions because 
they have D4h conformation, while becomes zero for the divalent ions because of D8h symmetry. 
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We next investigate the atomic and electronic structures of a COT molecule adsorbed onto 
graphene. DFT calculations are performed using a periodic hexagonal 5×5 supercell of the 
graphene unitcell with one adsorbed COT molecule on it. This supercell contains 66 atoms, 8 
carbon atoms and 8 hydrogen atoms of the molecule, and 50 carbon atoms of graphene. The 
vacuum region in the supercell is ~50 Å thick along the direction perpendicular to the graphene 
layer to avoid fictitious interactions generated by the periodic boundary conditions. The Brillouin 
zone is sampled with 32×32 Monkhorst-Pack k-point mesh 29. We construct initial candidate 
structures using the atomic positions of a freestanding COT molecule with three different 
symmetries and pristine graphene with various adsorption sites and orientations of the molecule. 
As for the adsorption site of a COT molecule, we consider various site including three high-
symmetry sites, in which the center of mass of the molecule is vertically located right on the center 
of a hexagon of graphene (hollow), on the midpoint of a p-bond of graphene (bridge), on top of a 
carbon atom of graphene (top), as schematically shown in Fig. 3(B). Various orientations of the 
molecule are also considered [Fig. S2]. From the constructed initial candidate structures, the 
atomic positions of all atoms in the supercell are optimized by minimizing the total energy to find 
the ground state and transition state geometries. 
The properties of the molecule on graphene under external gate voltage are also investigated by 
adding or removing electrons in the DFT calculation. We calculate the properties with 12 charged 
configurations, ±8.823×1013, ±7.352×1013, ±5.882×1013, ±4.441×1013, ±2.941×1013, ±1.470×1013 
e/cm-2, corresponding to 1.2, 1.0, 0.8, 0.6, 0.4, 0.2 electrons removed and added to the cell, 
respectively, + for electron removed and – for added. We calculate the charge transfer to the 
molecule using the Mülliken population analysis 30. We obtain the binding energy of a COT 
molecule Ebind as a function of the carrier density 𝜌, which is obtained by Ebind(𝜌) = Egrap(𝜌) + ECOT 
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– ECOT+grap(𝜌), where terms on the right-hand side are the total energies of graphene with carrier 
density 𝜌, a freestanding neutral COT molecule of D2d conformation, and COT adsorbed onto 
graphene with carrier density 𝜌, respectively. The diffusion barrier height Ed is assumed to be the 
difference of the total energies of the ground state (GS) and the lowest energy transition state (LTS) 
geometries, Ed(𝜌) = ELTS(𝜌) – EGS(𝜌), where the ELTS(𝜌) and EGS(𝜌) are the total energies of LTS 
and GS with carrier density 𝜌, respectively. The overall gate voltage dependence of the diffusion 
barrier can be inferred from the obtained Ed(𝜌), although it would require more sophisticate 
methods such as the nudged elastic band method 31 to determine a more accurate diffusion barrier. 
We assume that the most likely diffusion pathway between the adsorption sites of GS is via that 
of LTS. 
For a neutral system (without external gating), the GS geometry is shown in Fig. 4(C). The 
COT molecule is adsorbed at a hollow site, and the pair of double bonds on the upper plane of the 
molecule is parallel to a p-bond of graphene. The adsorbed molecule exhibits a nonplanar tub-
shaped conformation similar to the neutral freestanding molecule except that the adsorbed 
molecule is slightly flatter than the freestanding molecule. The adsorbed molecule has 1.63° 
smaller a than the freestanding molecule. The distance between the molecule and graphene, d, is 
2.519 Å. The adsorption of the molecules hardly changes the atomic structure of graphene and 
does not alter the energy levels of the molecular orbital states significantly as shown in Fig. 4(H). 
No significant covalent bonding between the molecule and graphene is found. The energy level of 
the Dirac points of graphene, EDirac, lies between the energy levels of HOMO and LUMO states, 
EHOMO and ELUMO, which are 0.70 eV lower and 1.85 eV higher than EDirac, respectively. As a 
result, no significant charge transfer occurs between the molecule and graphene, and the Fermi 
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energy EF is equal to EDirac as shown in Fig. 4(H). The calculated binding energy is 704 meV and 
the diffusion barrier is 28.4 meV. The diffusion path is via a location between bridge and top sites. 
Next, we study the carrier density dependence of the atomic and electronic properties of COT 
molecules adsorbed onto graphene. Figure 4 shows the overall carrier density dependence of the 
atomic and electronic band structures of COT molecules adsorbed onto graphene. The molecule is 
gradually flattened as the hole carrier density increases, while changes abruptly its shape to a nearly 
planar conformation with the electron carrier density. The distance d increase with the hole carrier 
density, while decrease with the electron carrier density. The obtained structural parameters, 
binding energy, energy barriers of the COT molecule, and charge transfer to the molecule DqCOT 
with various 𝜌 are listed on Tab. 2. 
For hole-doped case, the Fermi energy EF decreases as 𝜌 increases from 𝜌 = 0, where EF=EDirac, 
down to EHOMO, until 𝜌 reaches 𝜌h1 = +1.5×1013 e/cm2, where EF=EHOMO. As the hole carrier 
density increases further beyond 𝜌h1, the molecule is positively charged as the HOMO states 
becomes partially occupied. Figure 5(A) shows that the charge transferred to the molecule DqCOT 
increases linearly with the hole carrier density when 𝜌 > 𝜌h1. Consequently, the molecule is 
flattened [Fig. 5(B)], floats upward [Fig. 5(C)], and the diffusion barrier Ed decreases [Fig. 5(D)] 
until 𝜌 reaches at 𝜌h2 = +8.5×1013 e/cm2, where Ed becomes zero. For 0 < 𝜌 < 𝜌h2, the molecule 
adsorbed at hollow site is the GS, and the adsorption site in LTS is between bridge and top sites. 
For 𝜌 > 𝜌h2, the molecule is adsorbed between bridge and top sites is the GS, and at a hollow site 
in LTS. 
In the case of the electron-doping, EF increases as 𝜌 decreases from 𝜌 = 0, where EF = EDirac, up 
to ELUMO, until 𝜌 reaches 𝜌e1 = –6×1013 e/cm2, where EF = ELUMO. For 𝜌e1 < 𝜌 < 0, the molecule is 
hardly charged as shown in Figure 5(a) because EF lies between EHOMO and ELUMO, consequently 
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the conformation hardly changes as shown in Fig. 5(B). The molecule slightly comes closer to 
graphene [Fig. 5(C)], and the diffusion barrier increases [Fig. 5(D)] until 𝜌 reaches at 𝜌e1. The 
adsorption site is a hollow site in GS, while a location between bridge and top sites in LTS for all 
the electron carrier density investigated. As 𝜌 decreases further below 𝜌e1, the molecule is 
negatively charged as the LUMO states becomes occupied. For 𝜌 < 𝜌e2 = –8×1013 e/cm2, the 
molecule adopts a nearly planar D4h conformation as shown in Fig. 4(A). As the molecule is 
planarized, d increases and Ed is reduced drastically. 
We show that it is possible to control the conformation and the diffusivity of COT molecules 
adsorbed on graphene by changing the carrier density of the system. But the carrier density 
required to manipulate the conformation and diffusivity of COT is rather high because EHOMO and 
ELUMO are respectively 0.70 and 1.85 eV apart from EDirac. We suggest substitutions of hydrogen 
atoms to fluorine, bromine atoms or other electrophiles so that EHOMO and/or ELUMO are closer to 
EDirac, which makes it easier to manipulate the shape and diffusivity of the COT molecule with 
lower carrier density. Investigating the steric effects of the substituents would also improve the 
controllability of mechanical properties, but it is beyond the scope of this paper. 
In conclusion, we have investigated the atomic and electronic properties of COT molecule and 
its dependence of gate voltage. Without extra carrier, the molecule adsorbed at a hollow site of 
graphene in a tub-shaped conformation without significant deformation and the molecule remains 
almost neutral because the Dirac points lie between the energy levels of HOMO and LUMO states. 
When an external gate voltage is applied, the molecule is flattened and the diffusion barrier 
decreases gradually with the hole carrier, while the molecule exhibits abrupt change of its shape 
to a nearly planar conformation and the diffusion barrier also rapidly decreases with the electron 
carrier. With achievable carrier density, it is possible to manipulate the conformation as well as 
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the diffusion barrier of the molecule on graphene. We thus envision transformable and mobile 
molecular machine on graphene, which can be controlled by adjusting external gate voltage. It 
opens new avenues for exciting electromechanical applications. We suggest substitutions of 
hydrogen atoms to fluorine, bromine atoms or other electrophiles so that the energy levels of 
HOMO and/or LUMO are closer to Dirac point of graphene, which makes it easier to control the 
mechanical properties of the molecule with lower carrier density. 
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Tab. 1. Structural properties of a freestanding neutral COT molecule and its ionized states. 
Symmetry of the molecule, the bond lengths between carbon atoms, dCC1 and dCC2, between carbon 
and hydrogen atoms, dCH, the distance between the planes of the upper and bottom four carbon 
atoms of the molecule, dz1, the upper and bottom four hydrogen atoms of the molecule, dz2, and 
the bent angle, a, as denoted in Fig. 1(A), of the neutral molecule, the monovalent ions, and the 
divalent ions are presented. 
 Symmetry dCC1(Å) dCC2(Å) dCH(Å) dz1(Å) dz2(Å) a(°) 
COT2+ D2d 1.438 1.438 1.121 0.194 0.412 10.9 
COT+ D2d 1.400 1.463 1.119 0.553 1.259 30.0 
COT D2d 1.373 1.491 1.120 0.797 1.972 41.8 
COT- D4h 1.408 1.465 1.121 0.000 0.000 0.000 
COT2- D8h 1.444 1.444 1.128 0.000 0.000 0.000 
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Fig. 1. Atomic and electronic structures of a freestanding COT molecule. (A-C) Atomic 
structures of COT molecule with (A) D2d, (B) D4h, and (C) D8h symmetry are schematically shown. 
Side and top views are presented in the top and bottom rows, respectively. Black and red spheres 
represent carbon and hydrogen atoms, respectively. The bond lengths between carbon atoms, dCC1 
and dCC2, between carbon and hydrogen atoms, dCH, the vertical deviation within the octagon, dz1, 
the total vertical deviation, dz2, and the bent angle, a, are denoted in (A). The energy levels of 
HOMO and LUMO of the neutral COT molecule with (D) D2d, (E) D4h, and (F) D8h symmetry are 
shown, where occupied orbitals are denoted in blue, while unoccupied states are in red. The energy 
of the Dirac points of pristine graphene is set to zero. In (F), the HOMO and LUMO states are 
degenerate due to the D8h symmetry. 
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Fig. 2. Charge dependence of the atomic and electronic properties of a freestanding COT 
molecule. (A) The structural parameters, a, dz1, and dz2, are plotted as functions of the charge of 
the molecule, qCOT. (B) The energy barriers for the ring inversion ERI and bond shift EBS are plotted 
as functions of qCOT (C) The energy difference between HOMO and LUMO states, Eg, are plotted 
as a function of qCOT. (D) The energy differences Eg of the dication, the monovalent cation, the 
neutral molecule, the monovalent anion, and the dianion are plotted as functions of a. 
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Fig. 3. Atomic structure of COT molecule adsorbed onto graphene. (A) Side and (B) Top view. 
The distance between the molecule and graphene, d, is denoted in (A). The adsorbed COT 
molecules at the hollow, bridge, and top sites are presented in (B). The center of mass of the 
molecule is vertically located right on the center of a hexagon of graphene in the hollow case, 
midpoint of a p-bond of graphene in the bridge case, and on top of a carbon atom of graphene in 
the top case. 
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Fig. 4. The atomic and electronic structures of COT molecule on graphene with various 
carrier density. (A-E) Atomic structures with the carrier density of (A) –8.82×1013, (B) –
4.41×1013, (C) 0, (D) +4.41×1013, and (E) +8.82×1013 e/cm2 are shown. Top and side views are 
presented on the top and bottom row, respectively. (F-J) The band structures with the carrier 
density, corresponding to the atomic structures shown (A-E) in order, are shown. The bands are 
unfolded with respect to the unit cell of graphene. For each carrier density, the energy of Dirac 
points is set to zero and the Fermi energy is denoted by blue dashed lines. 
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Fig. 5. Carrier density dependence of a COT molecule adsorbed onto graphene. (A) The 
charge transferred to the molecule, DqCOT, (B) the vertical deviations from planar geometry, dz1 
and dz2, (C) the distance between the molecule and graphene, d, and (D) the diffusion barrier, Ed, 
are plotted as functions of the carrier density, 𝜌. 
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Tab. 2. The properties of a COT molecule adsorbed onto graphene with various carrier 
density obtained from DFT calculations. The charge transferred to the molecule DqCOT, binding 
energy Eb, and diffusion barrier Ed, with various carrier density are presented. The structural 
properties of the molecule, such as the bond lengths between carbon atoms, dCC1 and dCC2, between 
carbon and hydrogen atoms, dCH, the vertical deviation within the octagon, dz1, the total vertical 
deviation of the molecule, dz2, and the bent angle, a, as denoted in Fig. 1(A), are presented as well 
as the distance between the molecule and graphene, d, as denoted in Fig. 2(A). 𝜌 
(e / cm2) 
DqCOT 
(e) 
Eb 
(eV) 
Ed 
(meV) 
dCC1 
(Å) 
dCC2 
(Å) 
dCH 
(Å) 
dz1 
(Å) 
dz2 
(Å) 
a 
(°) 
d 
(Å) 
+8.82×1013 0.50 1.145 1.54 1.385 1.476 1.119 0.629 1.502 33.62 2.631 
+7.35×1013 0.38 0.983 7.15 1.382 1.479 1.119 0.691 1.673 36.67 2.623 
+5.88×1013 0.29 0.854 11.8 1.379 1.482 1.119 0.708 1.727 37.50 2.593 
+4.41×1013 0.20 0.761 17.5 1.377 1.484 1.119 0.723 1.773 38.22 2.575 
+2.94×1013 0.10 0.708 22.6 1.375 1.488 1.120 0.745 1.844 39.26 2.550 
+1.47×1013 0.01 0.696 27.1 1.373 1.490 1.120 0.761 1.893 39.98 2.528 
0 0.00 0.704 28.9 1.373 1.490 1.120 0.765 1.904 40.17 2.519 
–1.47×1013 -0.01 0.722 32.0 1.373 1.490 1.120 0.769 1.914 40.37 2.507 
–2.94×1013 -0.02 0.751 34.0 1.373 1.490 1.120 0.770 1.917 40.42 2.498 
–4.41 ×1013 -0.03 0.790 37.6 1.373 1.490 1.120 0.771 1.920 40.48 2.488 
–5.88×1013 -0.06 0.840 45.1 1.373 1.490 1.120 0.769 1.916 40.39 2.475 
–7.35×1013 -0.13 0.912 30.9 1.376 1.488 1.120 0.725 1.806 38.19 2.470 
–8.82×1013 -0.43 1.068 13.4 1.395 1.474 1.118 0.028 0.076 1.55 3.033 
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Fig. S1. Energy as functions of the bent angle and charge of a freestanding COT molecule. 
The total energies are plotted as functions of the bent angle (A,B) for positively and (C,D) 
negatively charged molecule. 
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Fig. S2. Energy as functions of the parallel shift and rotation of a COT molecule adsorbed 
onto graphene. (A) The atomic structure of a COT molecule with a tub-shaped conformation 
adsorbed onto graphene is schematically illustrated. Side and top views are presented. The atomic 
structure is constructed using the atomic positions of the freestanding COT molecule and pristine 
graphene with a distance between the molecule and graphene d = 2.519 Å. The total energies are 
obtained as functions of (B) parallel shift, Dx and Dy, and (C) the rotational angle, q, without 
further relaxing, where the origin, Dx = Dy = q = 0, is set to the position and orientation of the 
molecule shown in (A), and E(Dx = Dy = q = 0) is set to zero. 
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Fig. S3. The electronic band structures of a COT molecule on graphene with hole carrier 
density. The band structures with the carrier density of (A) 0, (B) +1.47×1013, (C) +2.94×1013, (D) 
+4.41×1013, (E) +5.89×1013, (F) +7.35×1013, and (G) +8.82×1013 e/cm2 are shown, from left to 
right. The bands are unfolded with respect to the unit cell of graphene. The energies of Dirac points 
are set to zero and the Fermi energies are denoted by blue dashed lines. 
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Fig. S4. The electronic band structures of a COT molecule on graphene with electron carrier 
density. The band structures with the carrier density of (A) 0, (B) –1.47×1013, (C) –2.94×1013, (D) 
–4.41×1013, (E) –5.89×1013, (F) –7.35×1013, and (G) –8.82×1013 e/cm2 are shown. The bands are 
unfolded with respect to the unit cell of graphene. The energies of Dirac points are set to zero and 
the Fermi energies are denoted by blue dashed lines. 
 
 
 
 
